At cholinergic synapses acetylcholinesterase (AChE) is critical for ensuring normal synaptic transmission. However, little is known about how this enzyme is maintained and regulated in vivo. In this work, we demonstrate that the dissociation of fluorescent-fasciculin2 (a specific and selective peptide inhibitor of AChE) from AChE is extremely slow. This fluorescent probe was used to study the removal and insertion of AChE at individual synapses of living adult mice. After a one-time blockade of AChEs with fluorescent fasciculin2, AChEs are removed from synapses initially at a faster rate (t 1/2 ~3 days) and later at slower rate (t 1/2 ~12 days). Most of the removed AChEs are replaced by newly inserted AChEs over time. However, when AChEs are continuously blocked with fasciculin2, the removal rate increases substantially (t 1/2 ~12 hours) and most of the lost AChEs are not replaced by newly inserted AChE. Furthermore, complete one-time inactivation of AChE activity significantly increases the removal of postsynaptic nicotinic acetylcholine receptors (AChRs). Finally time-lapse imaging reveals that synaptic AChEs and AChRs that are removed from synapses are co-localized in the same pool after being internalized. These results demonstrate a remarkable AChE dynamism and argue for a potential link between AChE function and postsynaptic receptor lifetime.
At cholinergic synapses acetylcholinesterase (AChE) is critical for ensuring normal synaptic transmission. However, little is known about how this enzyme is maintained and regulated in vivo. In this work, we demonstrate that the dissociation of fluorescent-fasciculin2 (a specific and selective peptide inhibitor of AChE) from AChE is extremely slow. This fluorescent probe was used to study the removal and insertion of AChE at individual synapses of living adult mice. After a one-time blockade of AChEs with fluorescent fasciculin2, AChEs are removed from synapses initially at a faster rate (t 1/2 ~3 days) and later at slower rate (t 1/2 ~12 days). Most of the removed AChEs are replaced by newly inserted AChEs over time. However, when AChEs are continuously blocked with fasciculin2, the removal rate increases substantially (t 1/2 ~12 hours) and most of the lost AChEs are not replaced by newly inserted AChE. Furthermore, complete one-time inactivation of AChE activity significantly increases the removal of postsynaptic nicotinic acetylcholine receptors (AChRs). Finally time-lapse imaging reveals that synaptic AChEs and AChRs that are removed from synapses are co-localized in the same pool after being internalized. These results demonstrate a remarkable AChE dynamism and argue for a potential link between AChE function and postsynaptic receptor lifetime.
In cholinergic synapses, AChEs play a critical role in terminating synaptic transmission by hydrolyzing the neurotransmitter acetylcholine (1) . At the neuromuscular junction (NMJ), AChE tetramers are specifically clustered in the basal lamina by collagen Q (ColQ) (2) . The ColQ contains two heparin binding domains (3) that interact with heparan sulfate proteoglycans such as perlecan (4, 5) , which in turn interacts with dystroglycan (6, 7) . In ColQ, perlecan and dystroglycan null mice, AChE is not clustered at the NMJ (5, 8, 9) . In addition, mutations in the C-terminal domain of ColQ impair AChE accumulation in congenital myasthenia syndrome patients (3, 10) and prevent the interaction of ColQ with muscle specific tyrosine kinase (MuSK) (11) . Although much work has been devoted to the molecular characterization of AChE, little is known about how this enzyme is maintained and regulated at single mature synapses in vivo.
Previously, a few studies have attempted to investigate the turnover of AChE at the NMJ. Most of these studies have relied upon analysis by an indirect method using a radioactively labeled ligand. The AChE half-life was then inferred from measurements by comparing the amount of AChE insertion into synapses in entire muscles at various times after initial saturation. These studies suggest that AChEs are very stable in the basal lamina (t ½ around 20 days) (12, 13) . In this work, we sought to study AChE dynamics more directly using fluorescence imaging techniques by assaying the intensity of fluorescent-tagged fasciculin2 at individual junctions in living mice. Fasciculin2 is a toxin isolated from the green mamba snake (14) and belongs to the same family as α-bungarotoxin, the selective AChR blocker (16) . Fasciculin2 has very high affinity for AChE, similar to the binding of α-bungarotoxin to nicotinic receptors (17) . Previously, radiolabeled fasciculin2 has been used to quantify AChE density at the NMJ (18) . More recently fluorescent fasciculin2 has been used to label AChE on cultured cells, fixed muscle (4) and in living synapses (19) .
In this work, we show that the interaction between fluorescent-fasciculin2 and AChE is strong enough to be used as a powerful tool to study AChE dynamics in living synapses. We demonstrate that synaptic AChE removal is dependent upon its blockade with fasciculin2 and blockade of AChE results in a profound decrease in AChR half-life. Removed AChEs from synapses are in most cases co-localized with AChRs in the same intercellular compartments.
Materials and Methods
Animals: Non-Swiss Albino (NSA) mice (6-10 week-old females, 20-25g) used in this study were obtained from Harlan Sprague Dawley (Indianapolis, IN).
Toxins: Fasciculin2 was purchased from Latoxan, France and conjugated by Molecular Probes (Eugene, OR). Conjugation and purification of fasciculin2 with the Alexa 594 dye was performed in 1M sodium bicarbonate buffer (pH 8.3) by dissolving the succinimidyl ester of the dye in aqueous media as described by Panchuk-Voloshina and colleagues (20). The conjugate fasciculin2 Alexa dye was purified from un-conjugated dye by size-exclusion chromatography using Bio-Gel P-30 (Bio-Rad Laboratories; Hercules, CA), with or without a small addition of Toyopearl HW-40 (TosoHaas; Montgomeryville). The dye attached to one or more lysine residues in the protein at the ratio of 1.5 moles of Alexa 594 attached/mole of fasciculin2.
We also derived biotinylated toxin by incubating fasciculin2 with NHS-XX-Biotin (Sigma) in 20 mM Hepes pH 7.0. The ratio of biotin to fasciculin2 was found to be 2:1. The un-incorporated biotin was eliminated by passing NAP5 column (Amersham Biosciences, NJ).
Labeled and unlabeled bungarotoxin (BTX) were purchased from Molecular Probes (Eugene, OR).
Biochemical analysis of the labeled toxin:
Supernatant of COS cells transfected with Rat AChE cDNA was mixed with conjugated or unconjugated fasciculin2 in 50 mM potassium phosphate buffer (pH 7.4) for 1 hour at room temperature. AChE activity was then determined by the Ellman method: the mix was incubated with acetylthiocholine (0.5 mM) and DTNB (0.75 mM) and the yellow color variation was monitored with a plate reader (Biorad) at 415 nm over time. A curve of AChE activity inhibition in the presence of conjugated and unconjugated fasciculin2 was then generated (Fig. 1A ).
Encapsuled enzyme: Mouse brain was homogenized in 10 ml of cold buffer solution (20 mM Hepes pH 7.4, 10 mM EDTA, 0.154 M NaCl, 2 mM Benzamidine) and centrifuged for 30 min at 18000g. The pellet was then solubilized in 1 ml of cold buffer solution containing 1% CHAPS as detergent. This crude detergent extract was mixed with acryl-bis acrylamide (10% final concentration), APS and TEMED were then added and the mix was poured into a calibrated 50 µl siliconed glass capillary. Immediately after polymerization, the gel was expulsed and cut into 4.5 mm fragments (corresponding to 3 µl of gel). Butylcholinesterase activity was irreversibly blocked by incubating the fragments in phosphate buffer containing 5x10 -5 M Iso-OMPA for 16 hours (20) and then washed out with phosphate buffer. To measure initial AChE activity, each fragment was individually put into the wells of a microtitration plate and bathed with 100 µl of Ellman solution for 3 min or 10 min on a plate mixer; the supernatant of each well was transferred into the well of a new plate with a multichannel pipette and the well containing the gel was covered with 100 µl of phosphate buffer for 10 min to wash the yellow product resulting from the enzymatic reaction that still remained in the gel. The 100 µl washing solution was then mixed with Ellman's solution and the optical density (OD) at 415 nm was measured using a microplate reader (Biorad). After measuring AChE activity, the fragments were incubated for 3 hours with 1 µM of conjugated or unconjugated fasciculin2. The gels were washed twice with 100 µl of phosphate buffer 15 min and the activity was measured again to be sure that all AChEs activity was blocked (as described previously) and the fragments were incubated with 100 µl phosphate buffer for the duration of the experiment. For example, after 1 day the phosphate buffer was collected and recovery of AChE was measured as described above. The ∆OD/min for each fragment was measured and normalized to gel controls that were not incubated with fasciculin2. The same procedure was repeated for each data point (from 1 to 7 days). Each point represents the mean of 3 fragments and the experiment was reproduced with independent extracts from mouse brain. We initially tried this experiment with the collagen tailed forms of AChE from mouse muscle extract but the concentration of AChE in the crude extract is too low to be reliable for measuring AChE activity.
In Vivo Imaging of neuromuscular junctions:
The techniques of animal preparation, sternomastoid muscle presentation, and neuromuscular imaging used in this work have been previously described in detail (21) . For this study, mice were anesthetized with an intraperitoneal injection of ketamine and xylazine (17.38 mg/ml). The anesthetized mouse was placed on its back on a customized microscope stage and synapses were viewed through neutral density filters under an automatic programmable controller using a water immersion objective (20X UAPO 0.7 NA Olympus BW51, Optical Analysis Corporation, NH) and a digital CCD camera (Retiga EXi, Burnaby, BS, Canada). When animals were monitored over days, the incision was sutured after each session and the animal was allowed to fully recover before the next imaging session.
Quantitative Fluorescence Microscopy:
The intensities of fluorescent BTX bound to AChR and fluorescent fasciculin2 bound to AChE at neuromuscular junctions were assayed using a quantitative fluorescence imaging technique that was developed by Turney and colleagues which relies on ratiometric comparisons of fluorescence intensity at synapses with the intensity of an non-bleaching inorganic fluorescence polymer concurrently viewed with the same optical system (22, 23) . This technique compensates for spatial and temporal variations in image brightness due to the light source, microscope, and camera, and therefore permits analysis of changes in fluorescence intensity (i.e., number of fluorescent molecules) during and between imaging sessions over any time interval. Image analysis was performed using IPLAP (Sacanatytic, VA) or Matlab (the Mathworks).
Single saturating dose of Alexa 594 fasciculin2:
To ascertain the dose of fluorescent fasciculin2 necessary to saturate all AChE binding sites in vivo, we generated a standard curve of AChE saturation with fluorescent fasciculin2 and we found that all AChEs were saturated after applying a concentration of 7 µg/ml of fluorescent fasciculin2 to the sternomastoid of the mouse for 3 hours. To be sure that all AChE molecules had been saturated with fasciculin2-Alexa 594, a second fluorescently-labeled fasciculin2 (fasciculin2-Alex 488) was added to the sternomastoid muscle and synapses were imaged. Absence of green labeling indicated that the original Alexa 594 fasciculin2 adequately saturated all AChE molecules. The loss of AChE was then monitored over time with or without saturating AChRs with a single application of alpha bungarotoxin (5 µg/ml, 1.5 hour). We and others have shown that the dose of bungarotoxin used in this study is sufficient to silence postsynaptic response (24) (25) (26) (27) .
Insertion of AChE:
To test whether the loss of AChE that occurs following saturation of the NMJ with fluorescent fasciculin2 is matched by a corresponding insertion of new AChE, AChEs were saturated with fasciculin2-Alexa 594 (7 µg/ml, 3 hours), and the non-bound Alexa 594 fasciculin2 was washed out continuously with lactated Ringer's for 15-20 min. The first views of superficial NMJs were imaged, the wound was sutured and the animal was allowed to recover in a heat chamber. From 1 to 7 days later, the animal was anesthetized, sternomastoid muscle was exposed and the same synapses were re-imaged to assay the loss of fluorescence intensity. At each time point, AChEs were then saturated a second time with new fresh fasciculin2-Alexa 594 and fluorescence intensity was again assayed.
Chronic blockade of AChE with fasciculin2-Alexa 594:
To assay the effect of continuous AChE blockade on AChE loss rate, the sternomastoid muscle was saturated with fasciculin2-Alexa 594 (7 µg/ml for 3h) and superficial synapses were imaged. We then maintained AChE blockade by adding new fresh fasciculin2-Alexa 594 (7 µg/ml) to the neck every 2 hours for the duration of the experiment (8 hours). In this way AChE activity was continuously blocked with fasciculin2-Alexa 594. During the experiment animals were reanesthetized and intubated with an artificial respirator. These experiments could not be carried out for more than 8 hours because of mortality, presumably due to the blockade of synaptic transmission. At the end of the experiment, the muscle was washed out continuously with lactated Ringer's for 15-20 min and then the same synapses were relocated and imaged and their fluorescence intensity was assayed.
Effect of AChE inhibition on postsynaptic AChR removal:
To determine the effect of AChE inhibition on the removal rate of postsynaptic AChRs, the sternomastoid muscle was labeled with a low dose of Alexa 594 bungarotoxin (5 µg/ml for 2 min, Molecular Probes, OR) so synaptic transmission remained fully functional. After waiting 1-2 days to allow clearance of unbound fluorescent bungarotoxin, superficial synapses were imaged and then a single saturating dose of fasciculin2 (7 µg/ml, 3 h) was added to the sternomastoid muscle to block AChE activity. Three days later, superficial neuromuscular junctions that had been labeled with fluorescent bungarotoxin were re-imaged and their fluorescence intensities were measured.
Confocal microscopy: The sternomastoid muscle of normal and denervated mice (8-10 days after nerve axotomy) was doubly labeled with fasciculin2-Alexa 594 (to label AChE) and Alexa 488 bungarotoxin (to label AChR). Three to six days after initial labeling synapses were imaged using in vivo fluorescence imaging or confocal microscopy. The analysis of intracellular co-localization of AChE/AChR was carried out using oil immersion lenses and laser illumination on an Olympus FV500 confocal microscope. A series of optical planes were collected in the z dimension (z-stack), and collapsed into a single image. One Z-stack image was chosen to show the intracellular colocalization of AChR and AChE. Images presented in the Results section were produced and adjusted for brightness and contrast using Adobe Photoshop 8.
RESULTS

Use of fluorescent Fasciculin2 as a probe for studying AChE dynamics in vivo
In this study we first tested whether fluorescent fasciculin2 can be used as a probe to label AChE in living animals and if it is suitable for studying the dynamics of AChE in vivo. To this end, the sternomastoid muscle of an anesthetized mouse was labeled with fasciculin2-Alexa 594 (2 μg/ml); after only 30 min incubation with fluorescent toxin, synapses were bright enough to be readily imaged. The saturation of all AChEs was then achieved by applying a concentration of 7 µg/ml of fasciculin2-Alexa 594 for at least 3 hours to the neck of the mouse.
To determine the specificity of fluorescent fasciculin2 labeling at synapses in vivo, the sternomastoid muscle was saturated with unconjugated fasciculin2 (7 µg/ml, 3 hours) or a specific AChE inhibitor BW284C51 (10 mg/ml, which competes with fasciculin2). When fasciculin2-Alexa 594 was then added to the muscle, no fluorescent signal was detected at synapses. In addition, the labeling of AChE with fluorescent fasciculin2 was absent in ColQ-/-mutant mice in which AChEs fail to cluster at synapses (28) . These results indicate that fluorescent fasciculin2 labels only when AChE binding sites are available.
To determine whether conjugation of fasciculin2 with Alexa dye modifies the binding properties of the toxin, recombinant AChE was mixed with conjugated or un-conjugated fasciculin2, and the inhibition curves were compared (Fig.1 A) . A small shift to the right (corresponding to a decrease in affinity) was observed for conjugated fasciculin2, however, at a concentration of 10 nM (70 ng/ml) almost all AChE activity was inhibited by both conjugated and un-conjugated fasciculin2, leaving only residual activity, as previously described (29) . This result indicates that conjugation of the toxin with Alexa dyes does not significantly modify its properties.
To monitor spontaneous AChE-fasciculin2 dissociation, we followed the apparent unbinding of fluorescent fasciculin2 both in vitro and in vivo. Mouse brain extracts containing a high concentration of AChE tetramers (100 nM) was encapsulated into a gel, which was then cut in small fragments and incubated with conjugated or un-conjugated fasciculin2. After a 3 hour incubation with 7 µg/ml of conjugated or un-conjugated fasciculin2, AChE activity was inhibited and only residual activity was detected, as described previously (29) . AChE activity recovery (presumably due to the apparent fasciculin2 dissociation from AChE) was then measured over 7 days. At each time point the phosphate buffer was replaced with a fresh buffer. After 7 days only a very slow recovery of AChE activity was detected in both conjugated (corresponding to recovery a half-time of ~15 days) and unconjugated fasciculin2 ( t 1/2 more than 20 days) (Fig 1B) .
The apparent dissociation of AChE-fluorescent fasciculin2 at the NMJ was then assessed in situ, where concentration of AChE is estimated to be very high (~0.2 mM) (18). First we tested whether the saturation of AChE by fluorescent fasciculin2 is achieved in fixed and living synapses under the same labeling conditions. To do this, fixed and living sternomastoid muscles were labeled with fasciculin2-Alexa 594 (7 µg/ml, 3 hours) to saturate all AChE binding sites. To ensure that all AChEs were saturated by fasciculin2-Alexa 594, a dose of fluorescently (green) fasciculin2-Alexa 488 was applied. No green fluorescence signal was observed after this labeling. This result indicates that the same level of maximal binding occurs in both fixed and living tissue. To assay the dissociation of fluorescent fasciculin2-AChE, fixed muscle was saturated with fasciculin2-Alexa 594 and superficial synapses were then imaged and the loss of fluorescence was monitored over time using the same procedure that was used to label synapses in vivo. After 7 days, we found that the decrease in fluorescence was only 10% ±3.9 SD, (n=20) of original fluorescence (Fig. 2 C) . Similar results were obtained when the sternomastoid muscle was first fixed with 2% PFA, saturated with fluorescent fasciculin2, and then transplanted into the neck of a host mouse. After 7 days, we found that the loss in fluorescence was only ~15% (n=6) at the NMJs (t 1/2 of loss around 30 days) (Fig. 2B, C) , indicating that the rapid loss of fluorescent fasciculin2 from the surface of synapses in vivo (see below) is not due to biological processes that occur at the surface of the NMJ. Altogether, these results suggest that the k off of fasciculin2 is slow at the NMJ.
While the above controls suggest that fasciculin2-Alexa 594 has a strong affinity for AChE, we were surprised to find that unconjugated fasciculin2 can displace conjugated fasciculin2. Living or fixed synapses were saturated with fasciculin2-Alexa 594/488 and superficial synapses were imaged and then a high concentration of unlabeled fasciculin2 (5-10 folds excess) or BW284C51 (10 mg/ml) was added continuously into the muscle. After 8 hours we found 94 % ±5 SD (N=60) of the fluorescence intensity was lost from synapses. Surprisingly, however, when synapses in fixed tissue were labeled with biotin-fasciculin2 followed with streptavidin Alexa 488/594 and then incubated with a high concentration of unlabeled fasciculin2 (10 fold higher than biotin fasciculin2) or BW284C51 (10 mg/ml), no evidence of fluorescence loss was observed during the same time period. Similarly, when fixed synapses were saturated first with unconjugated or conjugated fasciculin2 (Alexa 488 or Alexa 594) and incubated over 8 hours with a high concentration of fasciculin2-Alexa 594 or Alexa 488, the loss of fasciculin2 was negligible. These results indicate that un-conjugated fasciculin2 displaces conjugated fasciculin2 but one conjugated fasciculin2 does not displace another. Therefore, it is important to avoid using contaminated conjugated fasciculin2 with un-conjugated fasciculin2.
We tested if changes of fluorescent fasciculin2 in synapses in situ were due to bleaching. Synapses of fixed or live muscle were imaged and re-imaged several times in succession using a water immersion objective (20X UAPO 0.7 NA), 25% light and an exposure time of 100 ms. We found that there was no obvious loss of fluorescence intensity. This result excludes the possibility that bleaching is occurring under our imaging conditions. Altogether, these experiments indicate that fluorescent fasciculin2 is an excellent probe to monitor AChE dynamics over time in vivo.
Removal and insertion of AChE from the neuromuscular junction in vivo
The loss of AChE from synapses was monitored over time following a single saturating dose of fluorescent fasciculin2. Sternomastoid muscles from 10 mice were labeled one time with fasciculin2-Alexa 594 (7µg/ml, 3h) to saturate all AChEs. Superficial synapses were then imaged. The same synapses were relocated and re-imaged one or multiple times over the next 7 days, and their fluorescence intensities were then measured using a quantitative fluorescence-imaging assay. We found that 24 hours after initial labeling, AChE fluorescence intensity was decreased by 23% ±5 SD (n=60) (half-life of ~3 days). This rate of loss slows over time: at seven days, 63% ±6 SD (n=20) of fluorescence intensity was lost, whereas fluorescence loss at the NMJs of fixed, labeled, and transplanted muscle was only about 15% over the same period ( Fig. 2A-C) . Thus, the degradation of AChE from living synapses is ~12 days when corrected for fasciculin2 unbinding. Similar results were found when the muscle was labeled with biotin-fasciculin2 followed by a single saturating dose of Alexa 488/594 streptavidin. The removal rate of labeled AChE from the NMJ was nearly identical in the presence or absence of postsynaptic AChR blockade with alpha bungarotoxin. In addition when the postsynaptic receptors were continuously blocked with alpha bungarotoxin, the loss of fluorescently labeled AChE over 8 hours was comparable to loss of AChE in the absence of postsynaptic blockade, indicating that the removal of AChE from the synapse does not require postsynaptic activity.
Next we asked whether continuous AChE blockade affects its removal rate. To do this, the sternomastoid muscle was labeled with fasciculin2-Alexa 594 to saturate all AChEs (7 µg/ml, 3h). Superficial synapses were then imaged and the same fasciculin2-Alexa 594 was re-applied every 2 hours for 8 hours to ensure chronic AChE activity blockade; in this way the continuous presence of fasciculin2-Alexa 594 should result in the immediate blockade of any newly inserted AChEs). Because un-conjugated fasciculin2 and BW284C51 cause fasciculin2-Alexa 594 displacement, we used only fasciculin2-Alexa 594 to test the effect of chronic blockade on the net number of AChE labeled with the same fluorescent fasciculin2. Interestingly, junctions in which AChE was chronically blocked with fluorescent fasciculin2 lost AChEs at a high rate of ~ 5% per hour for at least 8 hours [(65 %, ±6 SD (n=34) remained after chronic blockade; t 1/2 = 12 hours)] (Fig. 2D  and 2E) . Thus, the net number of fluorescently labeled AChEs significantly decreased, indicating that lost AChE is not replaced by equivalent addition of new AChE into the neuromuscular junction and also argue against unbinding of fluorescent fasciculin2 (see discussion).
Next we wanted to determine whether the AChEs removed from the synapses following saturation of the NMJ with fluorescent fasciculin2 are replaced by newly inserted AChEs. To do this, AChEs in the sternomastoid muscle were saturated with fasciculin2-Alexa 594 and fluorescence intensities at superficial synapses were measured. After 1 to 7 days the same synapses were re-imaged and the loss of labeled AChE was determined. At each time point, the synapses were saturated again with the same fluorescent fasciculin2 Alexa dye (7 µg/ml, 3h) to label newly inserted AChEs and then re-imaged and their total fluorescence intensity was measured. We found that 1 day after initial labeling, AChE insertion nearly matches AChE loss (Fig 3A, B) , and thereafter, the loss of AChE is compensated for by newly inserted AChE. These findings indicate that the removal and insertion of AChE are in equilibrium. These results are consistent with our previous findings in which pre-existing AChEs were saturated with un-conjugated fasciculin2 and newly inserted AChE molecules were monitored over time by adding new fluorescent fasciculin2 (19) .
Inhibition of AChE with fasciculin2 increases the rate of AChR removal
Given the effect of acetylcholine on nicotinic postsynaptic AChR gated ion channels, we next addressed whether inactivation of AChEs at the synaptic cleft affects the lifetime of postsynaptic membrane AChRs. To do this, we compared the loss rates of AChRs in the presence and absence of a single saturating dose of fasciculin2. The sternomastoid muscle of 4 mice was labeled with a sub-saturating dose of alpha bungarotoxin-Alexa 594 (5 µg/ml, 2 min) to ensure that the majority of AChRs were not occupied with alpha bungarotoxin and that synaptic transmission presumably remained functional. Under these labeling conditions the AChR lifetime was previously shown to be long (t 1/2 10-14 days) (23, 26) . A single dose of unlabeled fasciculin2 was then added to saturate and inactivate all AChEs (7 µg/ml, 3 hours). The removal rate of AChRs was monitored over the next 3 days. AChR removal increased significantly (46% ± 10 % SD (n= 20) fluorescence intensity remaining after 3 days) compared to normal synapses (80% ± 4.0% SD (n= 24) fluorescence intensity remaining after 3 days) (Fig. 4A) . This rapid AChR loss is accompanied by the appearance of small spots of fluorescence intensity beneath the plasmalemma (Fig. 4B ).
AChEs and AChRs are co-localized in the same internal pool after being internalized
To determine whether AChEs that have been lost from the NMJ are degraded locally in the synaptic cleft or if they are internalized into the muscle for degradation, we followed the fate of AChEs in innervated and denervated junctions in living adult mice. Because it would be difficult to detect AChE degradation product locally at the synaptic cleft, we took advantage of our observation that fluorescently labeled AChRs are internalized and degraded in the internal pool, identifiable as small bright spots of fluorescence in the perijunctional region of the NMJ (23, 30) . If AChEs that are lost from synapses are internalized and degraded in the internal pool, then one would expect small spots of fluorescence inside the muscle fiber. Therefore NMJs were doubly labeled with a single dose of (red) fasciculin2-Alexa 594 to saturate AChEs and (green) bungarotoxin-Alexa 488 to label postsynaptic AChRs. When AChRs and AChEs labeled with distinct fluorophore conjugates were visualized three days later, a perfect co-localization of bright small spots of green and red fluorescent staining were observed in the same internal pool (Fig. 5 A-L) . Quantification of AChE/AChR fluorescent spots revealed more than 67 % (n=10) were colocalized in the same internal vesicles (Figure5 I). These results were confirmed in denervated muscles that are known to undergo rapid receptor internalization. In muscle denervated 10 days earlier and bathed in fasciculin2-Alexa 594 and bungarotoxin-Alexa 488 to label AChE and receptors respectively, similar co-localized spots of green and red fluorescence (~62%, n=7) were seen when synapses were re-imaged three days after labeling (Fig.5D-F) . These results suggest that a significant amount of AChEs are internalized before being degraded. Z-section of confocal images of muscles that were labeled 3-6 days with fasciculin2-Alexa 594 (red) and bungarotoxin-Alexa 488 (green) prior to fixation showed in most cases a colocalization of green and red spots of fluorescence (Fig. 5J-L) .
DISCUSSION
We have established that fluorescent fasciculin2 specifically and selectively labels AChE with high affinity and thus can be used as a powerful tool to study the dynamics of AChE at the NMJ in vivo.
The rapid loss of fluorescent fasciculin2 from synapses in living mice cannot be explained by diffusion of dissociated fasciculin2 from preexisting AChE but rather by AChE elimination. This idea is supported by the following results: 1) When fixed synapses were labeled with fasciculin2-Alexa 594 at day 0 and the intensity of fluorescence was measured there was a slow loss of fasciculin2 even after 7 days; 2) When living NMJs were labeled with fasciculin2 and treated with cycloheximide there was only negligible fluorescence recovery when new fluorescent fasciculin2 added (19); 3) When AChEs were continuously blocked with the same fluorescent fasciculin2-Alexa dye, the loss of fluorescence significantly increased, indicating that fluorescence loss cannot be due to unbinding of fasciculin2 from synapses ( Fig.2D and 2E ). If unbinding of fasciculin2 did occur, one would expect that the net fluorescence intensity at each synapse over the time window of the experiment would remain unchanged as each unbound fluorescent fasciculin2 would be replaced by another fluorescent fasciculin2 present in the neck of the mouse.
In contrast to previous studies, where the halflife of fasciculin2 unbinding from AChE in the test tube ranges from 1-6 hours (14,15,37), our studies argue that the half-life at synapses in fixed and living mouse muscle is far slower (several days). This discrepancy could potentially be explained by the high concentration of AChE at the neuromuscular junction (in the range of 0.2 mM, around 2500 molecules/µm 2 ) (18, 31) . Therefore a single fasciculin2 molecule might bind and rebind many times before escaping the synapse, thus producing an apparent unbinding rate much slower than the actual rate of dissociation of the molecular complex. Although our results suggest that rebinding is not a major problem, still further investigations are needed. At the neuromuscular junction AChE is organized into tetramers and associated with several other proteins. Thus, it seems possible that when AChEs are extracted from their native milieu, they are altered in a way that greatly decreases their affinity for fasciculin2. Consistent with this idea, previous studies have shown that embryonic monomeric rat brain AChE is more poorly inhibited by fasciculin than tetrameric rat brain AChE (32) .
One unexpected finding is that fluorescent conjugated fasciculin2 can be displaced from AChE in fixed and living synapses by unconjugated fasciculin2 or BW284C51. However, when biotin-fasciculin2 was used to label AChE followed by streptavidin, un-conjugated fasciculin2 or BW284C51 are unable to displace biotin-fasciculin2 from AChE at synapses and the reason for the non-reciprocal displacement is unclear at present and needs further experiments.
Using fluorescent toxin as a probe, our results indicate that the half-life of AChE after a onetime blockade with fasciculin2 is fast initially (around 3 days) and slow later (half-life of more than 12 days). The difference in half-life between our results and previous studies might be attributed to experimental conditions as well as the use of probes. In previous studies in which DFP was used as a probe, the AChE lifetime was estimated to be fixed at a t 1/2~2 0 days (13) . In these experiments, inhibition of AChE was always followed by nerve stimulation to monitor muscle contraction and ensure that all AChEs were inhibited with DFP. This procedure could generate a local necrosis in the postsynaptic site which may delay the insertion of new AChE (13) . In addition, DFP is considered to be a non-specific inhibitor that blocks a range of esterases including AChE, butyrylcholinesterase, serine proteases and lipases, which may affect the physiology of the NMJ. DFP labeling also results in high background which makes the detection of low synaptic AChE density impossible to study. Finally the DFP labeling procedure per se, which involves a complex sequence of inhibition and reactivation steps that allow detection of DFP sites by electron microscopy using a very long exposure time (months), could be a potential source for a lack of sensitivity (18) .
By contrast with studies using DFP the use of fluorescent fasciculin2 is highly specific to AChE (19) and more importantly, the comparison of fluorescence loss was assayed from the same NMJ imaged over time. In addition, under our labeling conditions with fluorescent fasciculin2, the nerve was never being stimulated which may explain the lack of any obvious postsynaptic necrosis. Although unlikely, it is worth mentioning that AChE dynamics might be affected by fasciculin2 being internalized alone into the cell over time. Altogether, these differences may explain the discrepancies between our results and previous reports in which the fast dynamics of AChE was not revealed.
The rate at which inactivated AChEs are lost from junctions after a one time complete blockade with fasciculin2 is complicated. These AChE loss rates could correspond to at least two populations of AChE in the junction: one that turns over rapidly and one that turns over very slowly. It has been demonstrated that part of the ColQ-AChE complex is covalently associated in the basal lamina, and it thus seems likely that this enzyme represents a very stable pool of AChE whereas the non-linked complex may be more dynamic. To date, the proportion of this covalently linked ColQ-AChE is debated, and so it may represent the majority of the enzyme (33) or only a minor proportion (34) . From our quantification we estimate that approximately 1/3 of the AChEs could be very stable since the labeling could be found weeks after initial saturation.
On the other hand, our results argue that when AChEs are continuously inactivated with fluorescent fasciculin2, the AChE loss is increased and is not compensated by a significant increase in insertion of new AChE. This raises the question of how AChE activity blockade may affect the insertion of newly synthesized AChEs into the synaptic cleft. One possibility would be that transient interactions of the catalytic subunit of AChE might participate directly in its accumulation in the synaptic cleft. Several lines of evidence suggest that AChE may interact with unknown partners through the peripheral anionic site (for review (35) ). Because fasciculin2 masks the active site of the molecule (36) , AChE accumulation in the NMJ might be affected. Since both heparin binding sites and C-terminal domain of ColQ are necessary for AChE clustering (11) , it is possible that the catalytic domain may also participate in AChE accumulation. In support of this idea is the finding that during development, AChE and butylcholinesterase are both clustered by ColQ but do not have the same dynamic after denervation (37) . Alternatively, AChE expression could be depressed by an unknown signal from the muscle, the nerve or both that is possibly dependent upon an excess of acetylcholine.
The observation that the blockade of AChE activity with fasciculin2 increases the loss rate of AChR from the postsynaptic membrane raises the idea that the ratio between AChE activity and AChR is crucial for a properly functioning synapse. It is clear that inhibition of AChE activity increases acetylcholine accumulation in the synaptic cleft, which might cause repeated activation of the nicotinic acetylcholine receptor. This repetitive activation can rapidly change the three-dimensional structure of the AChR to a desensitized non-conducting conformation within seconds (38, 39) . Thus persistent AChR desensitization would block synaptic transmission and contribute significantly to the paralysis of skeletal muscle (40) . Also excess activation of these receptors may raise the intracellular calcium concentration to pathological levels (41) although no obvious myopathy was observed in our experiments. Consistent with this, recent work showed that AChE or ColQ mutant mice exhibit few molecules of AChRs at synapses (42) and a recent finding also showed that acetylcholine is able to cause the dispersion of receptors (43, 44) . In this scheme, it would be very informative to evaluate the dynamics of AChR in the absence of AChE activity and to analyze the signaling pathway involved in this regulation.
One intriguing result in this work is the colocalization of AChR and AChE in the same internal compartment. At the neuromuscular junction, AChE is organized in tetramers that are tethered through a collagen tail (ColQ) to the extracellular matrix. While the cellular mechanisms by which AChEs are removed from synapses are not known, one possibility is that AChEs and AChRs are endocytosed separately through distinct internalization mechanisms and then fuse once they are in an internal pool. The fact that small spots of fluorescence are found near the junction (Fig.5 ) might suggest that the perijunctional region may serve as the site of internalization and AChEs may only be degraded after they have moved to this space. Indeed, lateral movement of AChE was previously reported during development (45) and in cultured cells (4) suggesting that the ColQ-AChE complex could be dynamic despite its size and its multiple interactions with other proteins. We cannot exclude the possibility thatThe abbreviations used are: AChE,acetylcholinesterase; AChR, acetylcholine receptor; ColQ, collagen Q; α-BTX, alpha bungarotoxin; KX, Ketamine Xylazine; PBS, phosphate buffered saline; NSA, NonSwiss Albino.
Figure Legends
Figure 1: Inhibition of AChE activity with conjugated fasciculin2. A) Dose response curve of AChE inhibition by conjugated and unconjugated fasciculin2. Recombinant monomeric Rat AChE was incubated with different concentrations of unconjugated and conjugated fasciculin2 for 1 hour. Note that more than 94 % of AChE activity was inhibited by both unconjugated and conjugated fasciculin2, consistent with previous reports (29) . B) Evolution over time of AChE activity after inhibition with conjugated and unconjugated fasciculin2. Brain extract in acrylamide gel was incubated with unconjugated and conjugated fasciculin2 (1 µg/ml) for 2 hours. The AChE activity of each fragment was measured over time and normalized to initial values of each sample and to the activity of non-inhibited enzyme. The plots represent the mean of 3 gels. We observed a small recovery of AChE activity over 7 days. However, in the control gel AChE activity remained constant.
Figure 2:
AChE loss from and insertion into the NMJ of living mice. A) Example of a mouse neuromuscular junction that was measured 3 times over seven days. The total fluorescence intensity of fasciculin2-Alexa 594 was expressed as 100% at the time of saturation and determined on each successive view by comparing it with the fluorescence intensity of a non bleaching standard (22) . Pseudo-color images provided a linear representation of the density of AChE (white-yellow, high density; red-black, low density). Scale bar, 20µm. B) Example of a fixed synapse that was labeled with fasciculin2-Alexa 594 and measured twice over 7 days. C) Graph summarizes results obtained from all junctions with the approach shown in (A, B) . Each data point represents the mean percentage of fluorescence intensity (±SD), for example 23% of AChEs are lost in the first 24h. The loss of remaining fluorescently tagged fasciculin2 slowed progressively on subsequent days, and the residual fluorescence intensity at each subsequent view was compared to the total intensity of the junction at the time of initial saturation. D) Example of a mouse neuromuscular junction that was viewed two times before (left panel) and after (right panel) continuous AChE blockade for 8 hours with fasciulin2-Alexa 594. The fluorescence intensity of AChE decreased significantly indicating a decrease in AChE density. Since the lost fluorescence was not recovered by fasciculin2-Alexa 594 labeling implies that newly synthesized AChEs did not insert into the synaptic cleft. Scale bar, 20µm. E) Graph summarizing percentage of the loss of AChEs obtained from many junctions during chronic blockade with fasciculin2-Alexa 594 (blue line) and one-time blockade with Alexa fasciculin2 (red line). (23)) and then labeled with one single saturating dose of fasciculin2 to transiently block AChE activity. Note that receptors labeled with a low dose of bungarotoxin in the absence of fasciculin2 were lost at a slow rate. B) Three views of the same neuromuscular junction imaged over 6 days in a living mouse at high detector gain (the junctional branches are saturated). This muscle was labeled with a low dose of Alexa 594 bungarotoxin and then
